Abstract-Laboratory single-species toxicity tests are used to assess the effects of contaminants on aquatic biota. Questions remain as to how accurately these toxicity tests predict site-specific bioavailability and chronic effects of metals, particularly in streams that are effluent-dominated or dependent on effluent discharge for flow. Concurrent 42-d Hyalella azteca exposures were performed with cadmium and final treated municipal effluent in the laboratory and at the University of North Texas Stream Research Facility (Denton, TX, USA), a series of outdoor lotic mesocosms. An additional 42-d laboratory test was conducted with H. azteca to evaluate Cd toxicity in reconstituted hard water (RHW). Endpoints included Cd body burden, survival, growth, and reproduction. Calculated average bioaccumulation factors were: 2,581 (stream mesocosm test) Ͻ 3,626 (laboratory effluent) Ͻ 7,382 (laboratory RHW). The 42-d survival lowest-observed-effect concentrations (LOECs) were 0.94, 4.53, and 22.97 g/L for the laboratory RHW, laboratory effluent, and stream mesocosm exposures, respectively. Baseline growth (dry wt) and reproduction (young female Ϫ1 ) among the three exposures followed the relationship: Stream mesocosms Ͼ laboratory effluent Ͼ laboratory RHW. Differences among response variables in the three tests likely resulted from increased food sources and decreased Cd bioavailability in lotic mesocosms. Our results demonstrate that laboratory toxicity tests may overestimate chronic toxicity responses of H. azteca to Cd in effluent-dominated streams.
INTRODUCTION
Standard laboratory single-species toxicity tests are an efficient and economical way to assess effects of environmental contaminants on aquatic biota. However, questions remain as to how accurately these controlled toxicity tests predict sitespecific bioavailability and effects of metals [1] . Their simplistic design does not approach a level of environmental realism that allows the researcher to achieve a realistic approximation of exposure [2] . Naturally occurring processes such as intensity and spatial distribution of light, wind, flow, and variation in dissolved oxygen and temperature cannot be reproduced easily and accurately under laboratory conditions [3] . Factors such as these are known to affect the bioavailability of some classes of contaminants and/or cause a change in the overall physiological condition of an organism, potentially making it more susceptible to anthropogenic stressors [4, 5] . Other factors such as organic matter and suspended solids, not normally present in reconstituted laboratory exposures, can influence metal bioavailability and predictions of field responses by laboratory toxicity tests [6, 7] .
Outdoor model aquatic systems (mesocosms) allow for experimental manipulation of natural processes and, ultimately, may provide more realistic exposure scenarios for ecological risk assessment. These systems provide a type of bridge between oversimplified single-species laboratory toxicity tests and field bioassessments, which logistically can be complicated, prohibitively expensive, and inherently variable. Me-socosms are research tools that allow experimenters to address hypotheses on a manageable scale with the benefit of controls as well as replication that aids in statistical interpretation of data [8] . In addition, mesocosm systems allow for chemical manipulation without impacts to natural systems.
To perform a thorough risk assessment, one must have a clear understanding of exposure and effects. This is why toxicity testing in surrogate systems, such as stream mesocosms, should not be seen as a replacement for laboratory toxicity tests. Rather, the two may be used together in a complementary manner to develop a weight-of-evidence approach, when necessary. Although mesocosms represent increased complexity from bench-top laboratory tests, they still are much less complex than the natural environment, and caution must be used when attempting to extrapolate results from mesocosms to realworld systems.
In natural systems, aquatic organisms seldom are exposed to one contaminant at a time, as is often the case in laboratory testing. Instead, many aquatic organisms are subjected to a myriad of contaminants at low concentrations throughout their life cycle and must acclimate simultaneously to a variety of natural stressors. Freshwater whole effluent toxicity tests with Ceriodaphnia dubia and Pimephales promelas are designed to evaluate the effects of such complex chemical mixtures in effluent discharges. Lotic mesocosm bioassessments are recommended for studying fate and effects of metals in effluent discharges because receiving system impacts still may result from effluents [9] .
Effluent-dominated streams are common in the arid southwestern United States, and often present a number of challenges to aquatic scientists because of discrepancies between laboratory predictions of field responses to select metal ex- posures. For example, Gensemer et al. [10] identified the utility of the biotic ligand model for predicting copper bioavailability in effluent-dependent waters with high ion compositions. Others observed that constituents of effluent-dominated streams altered cadmium bioavailability, as predicted by a biotic ligand model for Cd, and acute toxicity to C. dubia, P. promelas, and benthic macroinvertebrates [11] . However, Brooks et al. [11] recommended that a longer term study was required to assess Cd bioavailability and toxicity to invertebrates in effluent-dominated streams. 
MATERIALS AND METHODS

Description of stream research facility
The University of North Texas Stream Research Facility is located at the City of Denton Water Reclamation Plant near Pecan Creek in Denton, Texas, USA. The facility consists of twelve outdoor flow-through artificial stream mesocosms, eight of which were used in this study. Each stream channel is 4.9 m long by 0.6 m wide. At the end of each stream channel is a 568-L fiberglass pool in which the H. azteca exposures were conducted. The source of water for the streams is final treated municipal effluent from the water reclamation plant. The flow rate of each of the streams was calibrated weekly at 32.0 L/min. A complete description of the University of North Texas Stream Research Facility is provided elsewhere [12, 13] .
H. azteca culturing
Hyalella azteca were cultured in flow-through 75-L aquaria. Culture water was tap water dechlorinated by carbon filtration. Red maple (Acer rubrum) leaves were used as a substrate and food source for the cultures. Flaked fish food was fed ad libitum three times per week. Appropriate age H. azteca were collected from mass cultures using sieves according to the method described in [14] . Hyalella azteca were added randomly to their respective test by pipetting under the water's surface 4 d after sieving to ensure that amphipods injured during the sieving process were not included in testing.
Experimental design
Three separate chronic toxicity tests of Cd effects on H. azteca were performed. Concurrent laboratory and stream mesocosm tests, using the final treated municipal effluent as a water source, were conducted first. Nominal Cd treatment levels for these tests were 0, 5, 20, and 80 ppb for the stream mesocosm study and 0, 5, 10, 20, 30, and 80 ppb for the laboratory study. Cadmium sulfate crystals (3CdSO 4 ·8H 2 O) were used as the source of Cd. Each treatment level was replicated once in the stream mesocosm study, and treatment levels were assigned to streams by using a random number table [15] .
The laboratory test was initiated 3 d after the stream mesocosm test for logistical reasons involving set-up and breakdown of tests. Effluent for the concurrent laboratory test was collected every 3 d from the pool section of the control streams. This water was dosed with Cd independently in the laboratory. An additional laboratory test was conducted using reconstituted hard water (RHW) after the completion of the concurrent effluent tests to examine potential differences in Cd bioavailability between exposures in reconstituted laboratory water and effluent-dominated streams. Reconstituted hard water was formulated according to U.S. Environmental Protection Agency (U.S. EPA) guidelines [16] . Nominal Cd concentrations for this test were 0, 0.3125, 0.625, 1.25, 2.5, and 5 ppb. All tests were 42 d in duration and were conducted between late September and December 2001. This exposure period was chosen in order to obtain similar water temperatures in the laboratory and stream mesocosm exposures (Table 1 ). All laboratory tests were static renewal with renewals occurring every 3 d. All laboratory exposures were conducted in 300-ml, high-form, lipless beakers.
The experimental design for both tests was adapted from Ingersoll et al. [17] and U.S. EPA's current guidance document for testing toxicity of sediment-associated contaminants with freshwater invertebrates [14] . Ten H. azteca were placed in each of 12 replicates per treatment on day 0, a total of 120 organisms per treatment level. On day 28, four of the 12 replicates were collected for measurement of survival and growth. Growth was measured by dry weight. Hyalella azteca were placed into tare-weighed pans, dried for 24 h at 60ЊC, allowed to cool to room temperature in a desiccator, and then weighed on a microbalance to obtain dry weight. On day 42, the remaining eight replicates were collected for measurement of survival, growth (dry weight), and reproduction (young female Ϫ1 ). During the test period, each cage or beaker of H. azteca was fed 1 ml of a yeast/cerophyll/trout chow mixture per day. Yeast/cerophyll/trout chow was made according to U.S. EPA procedures, which result in 1.7 to 1.9 g solids/L [14] . A 5.0 ϫ 10.0-cm piece of cotton gauze was added to each cage or beaker to serve as a substrate for H. azteca [18] .
Hyalella azteca cages for the stream mesocosm exposure were constructed out of rectangular 250-ml, high-density polyethylene bottles. Holes were cut into two opposite sides of each cage with a rotary cutting tool to allow movement of water through the cages. Stainless steel mesh with 0.25 mm 2 openings was placed over the holes and secured into place using aquarium-grade nontoxic silicone. Cages were then placed in racks made of polyvinyl chloride pipe and suspended in the pool section of each stream with string tied to the sides of each pool. The mesh was brushed gently each day to prevent biofouling.
Water quality
Because of the inherent temporal variability of municipal effluents, adequately characterizing water quality parameters is essential when using such an effluent as the source water in a bioassay. A Hydrolab DataSonde (Loveland, CO, USA) was placed in the pool section of stream 11, a control stream, for the duration of the study to take hourly measurements of dissolved oxygen, temperature, turbidity, pH, specific conductance, and ammonium ( ). Water samples were taken ϩ NH 4 every 3 d when the laboratory renewal water was collected for analysis of alkalinity, hardness, and total organic carbon [19] . Aqueous Cd concentrations from each exposure were determined by graphite furnace atomic absorption spectroscopy. Free Cd 2ϩ ion concentrations were not measured or calculated in this study, although this may have aided in comparison of Cd bioavailability and toxicity between the three exposures [20] . For other descriptions of the municipal effluent used, see Brooks et al. [11] , Hemming et al. [21] , and Banks [22] .
Cadmium body burden was measured in those organisms sacrificed on days 28 and 42 of the study. Cadmium body burden was measured in surviving organisms only. These organisms were rinsed thoroughly with deionized water upon removal from the stream mesocosms in order to remove any surface-adsorbed Cd and digested according to U.S. EPA Method 3050B (www.epa.gov/epaoswer/hazwaste/test/ main.htm#Table) using the HotBlock (Environmental Express, Mt. Pleasant, SC, USA) metals digestion system. This procedure calls for digestion with a mixture of trace metalgrade nitric acid and 30% hydrogen peroxide at 95ЊC for approximately 2 h. This digestion procedure was verified using certified lobster hepatopancreas reference material (National Research Council, Ottawa, ON, Canada). Tissue Cd concentrations were determined by graphite furnace atomic absorption spectroscopy.
Statistical analyses
Statistical significance of response variables was determined at ␣ ϭ 0.05 for all tests. Proportional mortality data were arc sine (square root [y]) transformed before hypothesis testing. Analyses of mortality data were performed by oneway analysis of variance (ANOVA) and a Dunnett's multiple range test for the laboratory effluent and laboratory RHW experiments using SAS (Ver 8.2, Cary, NC, USA). Statistical power calculations were performed for these ANOVAs. Percent minimum significant differences from controls were 25.6, 30.3, 32.9, and 44.7% in the laboratory effluent day 28, laboratory effluent day 42, laboratory RHW day 28, and laboratory RHW day 42 data sets, respectively. The higher percent minimum significant difference observed for the laboratory RHW day 42 ANOVA was due to high (55%) control mortality by day 42 of that exposure. Analysis of mortality data in the stream mesocosm test was performed by nested ANOVA along with a Dunnett's multiple range test.
Analysis of growth and reproduction data were performed by a parametric Student's t test or the nonparametric MannWhitney two-sample U test, where appropriate, in cases in which significant mortality exists in all but one treatment level. Where this was not the case, a one-way ANOVA and a Dunnett's multiple-range test were used. Significance testing of the correlation between the variables growth (dry weight) and reproduction (young female Ϫ1 ) was tested with a Spearman rank correlation using SAS.
RESULTS
Water quality
Mean dissolved oxygen, pH, temperature, specific conductance, and turbidity data are presented in Table 1 . Turbidity values for the effluent were highly variable with a coefficient of variation of 152.5 and 187.9 for the laboratory effluent and stream mesocosm test, respectively. The spikes in turbidity responsible for this variation, observed during mid-October 2001, coincide with rain events totaling 12.3 cm measured at a National Oceanic and Atmospheric Administration weather station in southeast Denton, Texas, USA (National Oceanic and Atmospheric Administration National Climatic Data Center: www.ncdc.noaa.gov/oa/climate/stationlocator.html). Total organic carbon concentrations in the RHW test and effluent tests were 3.0 (Ϯ 2.24) mg/L and 8.96 (Ϯ 1.06) mg/L, respectively. This measured RHW total organic carbon value is a mean of total organic carbon measurements taken in exposure chambers and includes the organic carbon added by the addition of yeast/cerophyll/trout chow mixture and H. azteca waste. Measured aqueous Cd concentrations are presented in Table 2 .
Mortality
All tests met the acceptability requirement of 80% control survival on day 28 set by U.S. EPA for a 42-d H. azteca sediment test [14] ; however, high (55.0%) mortality in the control group of the laboratory RHW test at day 42 should be noted. The 50% lethal concentration with associated 95% confidence limits, no-observed-effect concentration (NOEC), lowest-observed-effect concentration (LOEC), and geometric mean-maximum acceptable toxicant concentration (GM-MATC) for day 28 and day 42 of each test are shown in Table  3 . The GM-MATC was calculated using the formula GM-MATC ϭ antilog ([ln NOEC ϩ ln LOEC]/2). Survival LOECs throughout the three experiments follow the relationship laboratory (RHW) Ͻ laboratory (effluent) Ͻ stream mesocosms. The calculated 50% lethal concentrations for the laboratory effluent test day 42 and the laboratory RHW test day 28 are estimates obtained by extrapolation because treatment levels did not bracket the 50% response level. Median lethal concentration values were adjusted using Abbott's formula, which adjusts treatment mortality responses for control mortality [23] . Median lethal concentration values and GM-MATC effect ratios were calculated in order to compare the mortality endpoint of each of the three tests, which are similar to water effect ratios as defined by U.S. EPA [24] . These ratios are presented in Table 4 .
Growth
Growth data (dry wt) are presented in Figure 1 for day 28 and Figure 2 Figure 3 shows differences in size and appearance of control organisms from all three tests on day 42. Stream mesocosm organisms were much larger and darker in color than organisms from both of the laboratory tests. Hyalella azteca sampled from the 0.3125 and 2.5 ppb treatment levels on day 28 of the laboratory RHW test weighed significantly less than controls (p ϭ 0.021). All other treatments (days 28 and 42) that were not statistically significantly different than controls for mortality were not significantly different than controls for growth.
Reproduction
Reproduction data, as number of young per female, are presented in Figure 4 . Treatment levels that did not significantly affect mortality on day 42 also did not significantly affect H. azteca reproduction. Mean reproduction in control females on day 42 in the stream mesocosm test (22. 
Body burden
Days 28 and 42 measured Cd body burden data are presented in Table 5 . Average bioaccumulation factors for each of the three tests were calculated by dividing the mean measured Cd body burden in g/g Cd by the mean measured total aqueous Cd concentration (ppm) at each treatment level for day 28 and day 42 and obtaining an average of these ratios. The calculated average bioaccumulation factors were 2,581 (stream mesocosm test) Ͻ 3,626 (laboratory effluent) Ͻ 7,382 (laboratory RHW). Also, at the treatment level common to all three exposures, 5.0 ppb, H. azteca exposed in reconstituted water accumulated higher Cd concentrations than did H. azteca in the effluent tests.
DISCUSSION
Although the RHW used had a higher mean hardness value (162.7 mg/L as CaCO 3 ) than the effluent (139.6 mg/L as CaCO 3 ), significant reductions in survival were observed at much lower concentrations in the laboratory RHW test than in the laboratory effluent and stream mesocosm exposures (Tables 3 and 4). This is due, in part, to reduced Cd bioavailability caused by the higher mean total organic carbon content of the effluent (8.96 mg/L) versus the RHW (3.00 mg/L). The presence of other binding ligands such as Cl Ϫ and in the 2Ϫ SO 4 effluent (not measured) that may not have been as prevalent in the RHW also could have played a role in reducing bioavailability [6] . More recently, Barber et al. [25] identified that select municipal effluents contain relatively high levels of ethylenediaminetetraacetic acid, which may have chelated Cd in this study, further reducing its bioavailability to H. azteca. Ethylenediaminetetraacetic acid levels were not measured in this study. In addition, differences in the ratio of dissolved versus particle-bound Cd between the RHW and effluent tests also may have played a role in the differing bioavailability between the two types of source water used by affecting the routes of exposure (dissolved vs. dietary) of Cd [26] .
The larger body size of the H. azteca exposed in effluent also might have played a role in the reduced toxic response of these organisms when compared to RHW exposed organisms. Larger body size may have resulted in a slower Cd uptake rate due to the body size effect. This inverse relationship between body size and metal uptake rate has been noted elsewhere for Daphnia magna [27] and Gambusia affinis [28] .
Therefore, when compared to the more complex matrix present in effluents, RHW tests overestimated chronic Cd toxicity to H. azteca. These results are consistent with our previous findings of reduced Cd bioavailability and acute toxicity to C. dubia and P. promelas by water quality constituents of effluent-dominated streams [11] . Although published data on Cd effect levels in effluents with high organic carbon content is lacking, the observed effect levels from the RHW exposure in this study are comparable with values reported in the literature [29] .
Poor reproduction, growth, and high control mortality late in the 42-d RHW test indicates that the specific RHW used may not be suitable for long-term H. azteca testing; therefore, results from the RHW exposure should be interpreted with caution. U.S. EPA [14] notes that there has been variable success using reconstituted waters for long-term (Ͼ10 d) H. azteca tests in other laboratories [30] [31] [32] . We recommend that further long-term water-only exposures with reconstituted waters of differing composition be conducted to investigate this problem. Other possible sources of water for use in long-term H. azteca testing are dechlorinated tap water or well water from an uncontaminated site. Initial testing has resulted in Chronic cadmium toxicity to Hyalella azteca Environ. Toxicol. Chem. 24, 2005 907 97.5% control survival in 42-d water-only H. azteca tests with dechlorinated tap water using cotton gauze as a substrate [33] . The relatively poor health of the RHW control organisms also might be explained, in part, by a lower food quality than that for organisms exposed in the effluent. Algae and other organic materials that were available to organisms in the effluent studies likely were not available as a food source to the organisms exposed in RHW.
Despite the same water source and approximately the same Cd concentration (Table 2) in the laboratory effluent and stream mesocosm tests, there were marked differences in all endpoints measured between these two tests. Significant mortality on day 42 occurred at much lower concentrations in the laboratory effluent test than in the stream mesocosm test (Tables 3 and 4). Also, organisms exposed in the stream mesocosms grew to be larger and had many more young per female than the organisms exposed in the laboratory effluent test (Figs.  1-4) . This difference in growth and reproduction between the two effluent tests indicates that the general health of the H. azteca caged in the stream mesocosms was greater than that of their laboratory counterparts. This disparity stems from one or a combination of reasons: First, there was notable algal growth inside the stream mesocosm cages that was not present in the beakers of the concurrent laboratory study. This likely served as an additional food source for the stream mesocosm H. azteca, allowing them to grow larger and thus reproduce more, as growth is significantly correlated with reproduction in H. azteca and other invertebrates [34] . Second, although care was taken not to disturb the H. azteca, the added stress of test renewals by pipette every 3 d could have had a negative impact on the overall health of laboratory organisms. Lastly, because water for renewals of the laboratory effluent test were taken as grab samples from the effluent and the stream mesocosm test was flow-through, it is possible that temporal differences in effluent water quality played a role in observed differences in measured endpoints even though mean water quality measurements were similar (Table 1) .
CONCLUSION
The laboratory exposures were not good predictors of exposure and effects observed in stream mesocosms. However, effect levels measured in both laboratory exposures would be considered conservative relative to stream mesocosm responses. Results of this study are consistent with previous laboratory-to-field comparison studies of C. dubia and P. promelas responses to acute Cd exposures in effluent-dominated streams [11] . Further, these experiments demonstrate the difficulty in using laboratory toxicity testing to predict effects of Cd to aquatic invertebrates in more complex, effluent-dominated systems. This research also demonstrates the utility of using H. azteca in water-only laboratory and caged in situ toxicity testing.
